Pulsed electron deposition is a very promising means for growing high quality thin films even for complicated oxides. By investigating the influence of deposition parameters like the substrate temperature, the oxygen pressure in the chamber, as well as the pulse frequency and energy of the electrons on the growth of ZnO, the evolution of the [0002] orientation has been revealed and highly [0002] oriented ZnO thin films were obtained on Si (100) substrates at suitable conditions.
Introduction
Zinc oxide (ZnO) has many attractive features, including a wide direct band gap of $3:37 eV, a large free exciton binding energy of $60 meV, and large piezoelectric and ferromagnetic coefficients with a Curie temperature above room temperature when doped with transition metals. [1] [2] [3] [4] [5] [6] [7] [8] [9] Many approaches have been developed to fabricate ZnO nanostructures and high quality thin films for applications in a diversity of fields, such as molecular beam epitaxy (MBE), 10) metal-organic chemical vapor deposition (MOCVD), 11) pulsed laser deposition (PLD), 12) and physical vapor transportation. 13) Mostly ZnO thin films suffer from the crystal quality and various kinds of defects, such as zinc interstices (Zn i ), zinc vacancies (V Zn ), oxygen interstices (O i ), and oxygen vacancies (V O ). It is thus remains interesting to study paths towards optimizing crystallization and suppressing the defects in the films during growth.
Pulsed electron deposition (PED) has been proven to be a powerful means for producing high quality thin films, even for complicated oxides. [14] [15] [16] This technique offers high pulse power density, short pulse width and a high pulse reception rate for relatively low-energy electrons that penetrate into the target materials. Since the electrons are negatively charged, they interact very effectively via Coulomb interaction with materials like wide-band-gap semiconductors, metals and oxides. 17) This method thus may be feasible for producing high quality ZnO thin films. In this study, we report the influence of variable deposition parameters like substrate temperature and the oxygen pressure on the growth of highly oriented ZnO thin films by PED in relation to fixed parameters like the discharge voltage, related to the average energy of each electron ($eU), and pulse frequency.
Experimental Procedure
The substrates used in this study were Si (100) wafers. The silicon substrates were cleaned sequentially in acetone, alcohol and deionized water baths using ultrasonication, prior to being fixed on the substrate holder in a PED system (Neocera PED180) with a background vacuum of $2 Â
10
À5 Pa. Before deposition, the target was also cleaned by energetic electrons for 1000 pulses at a frequency of 4 Hz, and the substrate was masked completely with a shutter. The discharge voltage and pulse frequency were fixed at 18.3 kV and 4 Hz in the process of deposition. The thickness of all the films is about 220 nm. The structure and crystalline quality of the ZnO films were identified and evaluated by X-ray diffraction (XRD) and transmission electron microscopy (TEM). The growth morphology of the films was examined by scanning electron microscopy (SEM). The defects were evaluated by photoluminescence (PL) measurement using a He-Cd laser as the excitation source, whose wavelength is 325 nm.
Results and Discussions
The effect of the substrate temperature on the growth of ZnO films was investigated by fixing the oxygen pressure at 11.3 mTorr and the discharge voltage at 18.3 kV with a pulse frequency of 4 Hz. The substrate temperature was varied from 200 C to 500 C. Figure 1 (a) shows three representative XRD profiles of samples deposited at 300 C, 320 C and 500 C, respectively. The XRD pattern of the ZnO film deposited at 320 C exhibits an intense peak at $34:4
corresponding to the (0002) plane of a ZnO wurzite structure, and no diffraction peaks corresponding to other planes have been observed, suggesting that the ZnO film is likely in a [0002] orientation. However, for the samples deposited at 300 C and 500 C, the existing diffraction peaks from the other planes means that the films become polycrystalline. Figure 1 (b) presents the intensity of the [0002] orientation, normalized by the volume of ZnO films, as a function of the substrate temperature. This figure reveals that the portion of grains in the (0002) plane, with their lower surface energy, is increased with the substrate temperature, and reaches a maximum at 320 C. The possibility of the adatoms bounded at a lower-energy site, i.e. the (0002) plane, increases with the average mobility of adatoms, which is determined by the substrate temperature and the kinetic energy of adatoms just before they arrive on the substrate surface. 18) Since the other parameters involved with the adatom kinetic energy, such as the oxygen pressure, discharge voltage and pulse frequency, have been fixed, the adatom mobility increases proportion-ally with substrate temperature, promoting the evolution of [0002] oriented ZnO films.
For the films deposited above 320 C, although the adatom mobility increased continuously with the substrate temperature, the films are not steadily formed in a [0002] orientation, which can be explained by the structure zone model proposed by J. A. Thornton. 19) The films deposited under zone two or zone T contain columnar structures, and prefer the [0002] orientation. However, the films deposited at high temperatures (>320 C) have zone three structures which contain much more randomly oriented grains formed by secondary nucleation and recrystallization. Therefore, the optimal temperature for obtaining [0002] oriented ZnO films on a (100) silicon substrate is 320 C. As the working gas in the deposition system, the oxygen pressure is an essential parameter and affects the current of the electron gun and the adatoms' kinetic energy. To elucidate the effects of oxygen pressure, we fixed the substrate temperature at 320 C and altered the oxygen pressure from 8 mTorr to 17 mTorr. Figure 1(c) plots three representative XRD profiles of ZnO films deposited at the oxygen pressure of 8 mTorr, 11.3 mTorr and 17 mTorr, respectively. All the films show preference for the [0002] orientation, suggesting that the adatoms' kinetic energy remains unchanged by the collision between the adatoms and the oxygen molecules within this narrow oxygen pressure range. Figure 1(d) presents the intensity of the [0002] orientation versus the oxygen pressure, which is also normalized by the ZnO volume. One can see that the film deposited at 11.3 mTorr exhibits the maximum intensity for the [0002] orientation. This can be ascribed to the current of the electron gun as it reaches a maximum at the constant discharge voltage. Since the number of electrons in the pulse is proportional to the current, and since the average energy of the electrons is invariant when exposed to the constant discharge voltage, the adatoms will absorb more energy from the pulse and will lead to the high intensity of the [0002] orientation deposited at 11.3 mTorr oxygen pressure.
Two representative SEM micrographs are shown in Fig. 2 for films deposited at 320 C and 350 C, respectively. The grain size and size distribution are found to be smaller and more homogeneous for films grown at 320 C. Figure 3 shows the cross-section TEM images of the film deposited at a substrate temperature of 320 C and an oxygen pressure of 11.3 mTorr. From Fig. 3(a) , one can see that the morphology of film is relatively smooth, and that the columnar structures can be observed clearly, which coincides with the high [0002] orientation. Figure 3 (b) reveals that the interface between the ZnO and the Si substrate is abrupt and interspersed with an amorphous SiO 2 interfacial layer ($3 nm), due to the oxidation of the silicon substrate. The size and orientation of the grains near the interface is small and mixed as compared to the top site of the ZnO film (as shown in Fig. 2(c) ). At the initial stage of film growth, the nuclei exhibit mixed orientation due to the great mismatch of the lattice parameters between the ZnO and the silicon substrate, while forming a continuous film, the grains of (0002) plane, with lower surface energy, occupy more area of film surface, 18) and bring in the intense [0002] orientation. However, the rate of this evolution would be determined by the adatom kinetic energy and the substrate temperature. 20) In other words, the process parameters for higher adatom mobility and kinetic energy would promote the development of [0002] oriented grains.
The room temperature photoluminescence (PL) spectrum is a useful method for evaluating the defects in the ZnO films. The near band emission of ZnO has been well understood to be related to its exciton emission, while the mechanism for visible region emission has been proposed involving various point defects, either extrinsic 21) or intrinsic, 22, 23) that can easily form recombination centers during the exciton emission process. Figure 4 shows the PL spectra of the ZnO films deposited at 305 C, 320 C and 400 C, respectively, revealing the strong ultraviolet near band emission centered at $375 nm and a weak visible region emission. The high deposition temperature improves the crystallization of the ZnO films and leads to an increase in the near band emission. The weak emission in the visible region suggests the absence of various defects.
Conclusions
ZnO thin films were fabricated on a (100) silicon substrate through a PED method. We demonstrate the evolution of the [0002] orientation and reveal a scheme for ZnO films growth. By varying process parameters, we conclude that the ZnO films deposited on a (100) silicon substrate at 320 C and set to 11.3 mTorr, exhibit high crystallinity and excellent optical properties. 4 Photoluminescence spectra of the ZnO films deposited on (100) silicon substrate.
